PURPOSE: To describe the characteristics of MAKrelated retinal degeneration using optical coherence tomography angiography (OCTA) and adaptive optics scanning laser ophthalmoscopy (AOSLO).
PURPOSE: To describe the characteristics of MAKrelated retinal degeneration using optical coherence tomography angiography (OCTA) and adaptive optics scanning laser ophthalmoscopy (AOSLO).
DESIGN: Cross-sectional study. METHODS: Six patients with rod-cone degeneration and disease-causing mutations in MAK were evaluated with visual acuity, spectral-domain OCT, confocal AOSLO, and OCTA. Foveal avascular zone (FAZ) area, vessel densities, and perfusion densities of the superficial capillary plexus (SCP) and deep capillary plexus (DCP) in the central macula in all 6 patients were compared with 5 normal subjects. Cone spacing was measured in 4 patients from AOSLO images and compared with 37 normal subjects.
RESULTS: Patients ranged from 25 to 81 years of age (mean, 52 years). Visual acuity varied from 20/13 to 20/ 40
D2
, except in 1 patient with cystoid macular edema whose vision was 20/60 L and 20/70
D1
. The SCP (P [ .012) and DCP (P [ .013) vessel density and perfusion density (P [.015 and .013, respectively) were significantly lower in patients compared to normal subjects in the parafoveal region 1.0-3.0 mm from the fovea, but were similar to normal subjects within 1.0 mm of the fovea. The FAZ area was not significantly different from normal (all P ‡ .24). Cone spacing was normal at almost all locations in 2 patients with early disease and increased in 2 patients with advanced disease.
CONCLUSIONS: Although retinal vascular densities are reduced and cone spacing is increased in advanced disease, central foveal structure is maintained until late stages of disease, which may contribute to preservation of foveal vision in eyes with MAK-related retinal progressive loss of vision through a variety of mechanisms, affecting photoreceptors, retinal pigment epithelial (RPE) cells, and vascular perfusion of the retina or choroid. Retinitis pigmentosa (RP) is one of the most common inherited retinal degenerations; patients with RP typically present with nyctalopia followed by progressive constriction of visual field and eventual loss of central vision. [1] [2] [3] Inherited retinal degenerations display heterogeneity in phenotype and genotype. 2 Well over 300 genes have been implicated so far and mutations in more than 80 genes have been associated with RP (https://sph.uth.edu/retnet/sum-dis.htm, accessed July 29, 2017). 2, 4 Histopathologic studies of eyes from subjects with RP, donated after death, show progressive loss of photoreceptors and RPE cells, as well as extensive vascular and neural remodeling in the retina and choroid. [5] [6] [7] Although it is possible to study vascular changes in RP patients with fluorescein and indocyanine green angiography, both have the disadvantages of exposure to intravenous dye, as well as limited resolution incapable of imaging the finest capillaries. 8 Optical coherence tomography angiography (OCTA) noninvasively provides high-resolution images of the capillary network and the foveal avascular zone (FAZ). 8, 9 Quantification of microvascular structures such as vascular densities and avascular zone areas has been reported using OCTA in normal eyes and in various retinal diseases. [10] [11] [12] In RP, vascular densities of the superficial and deep retinal capillary plexus are reported to be significantly decreased compared to normal subjects. [13] [14] [15] [16] [17] Adaptive optics scanning laser ophthalmoscopy (AOSLO) uses adaptive optics (AO) to compensate for optical aberrations, permitting observation of cellular structures in living human eyes. 18, 19 Confocal AOSLO images reveal retinal microstructures that directly backscatter light, such as the nerve fiber layer, photoreceptors, RPE cells, and retinal vasculature. 18, [20] [21] [22] AOSLO has been used to characterize photoreceptor structure in healthy eyes and in eyes with inherited retinal degeneration. associated with preservation of foveal vision even in advanced stages of retinal degeneration despite similar rates of peripheral visual field loss to other forms of autosomal recessive RP. 7 However, cystoid macular edema (CME) and intraretinal cystoid spaces (ICS) can occur, which can reduce visual acuity. 26 In mice, MAK is involved in outer segment morphogenesis, regulation of connecting cilium length, and photoreceptor survival. 27 MAK is expressed in the inner segments, cell bodies, and axons of human photoreceptors, including foveal cones. 28 Although MAK has not been identified in vascular tissues, RPE and choriocapillaris atrophy have been reported in patients with MAK-related RP. 7, 29 In this study we used highresolution OCTA and AOSLO to investigate the hypothesis that preserved retinal vasculature and cone spacing near the fovea may contribute to preservation of foveal vision in eyes with MAK-related RP.
METHODS

STUDY PARTICIPANTS:
The study and data collection were carried out with approval from the University of California, San Francisco Institutional Review Board in a prospective manner. Informed consent was obtained and the study was in accordance with HIPAA regulations. This institutional, cross-sectional study included 5 patients from 5 families with rod-cone degeneration and 1 asymptomatic sibling (I-2, 40126; sibling of I-1, 40116). All subjects underwent genetic testing, which revealed disease-causing mutations in the MAK gene. Patients were clinically evaluated, with visual acuity measured according to the Early Treatment Diabetic Retinopathy Study (ETDRS) protocol, 30 kinetic perimetry using a Goldmann perimeter, full-field electroretinography according to the International Society for Clinical Electrophysiology of Vision, 31 color fundus photographs (TRC 50DX; Topcon Medical Systems, Inc, Oakland, New Jersey, USA) in 4 of the 6 patients; spectral-domain optical coherence tomography (SDOCT) and infrared photographs in all 6 patients; fundus autofluorescence fundus images (Spectralis HRAþOCT; Heidelberg Engineering, Vista, California, USA) in 1 of the 6 patients; and high-resolution retinal images using a swept-source OCTA system, and a customdesigned confocal AOSLO as described below, in 4 of the 6 patients. Five normal subjects were imaged for the vessel density analysis, while previously reported cone spacing data from 37 normal eyes were used to compare with cone spacing measures from patients. 32 
OPTICAL COHERENCE TOMOGRAPHY ANGIOGRAPHY:
OCTA was performed using a swept-source system (PLEX Elite 9000; Carl Zeiss Meditec, Inc, Dublin, California, USA); the technical aspects of the system have been described elsewhere. 33 Briefly, the system provides transverse imaging resolution of 15 mm, with a central wavelength of 1060 nm and a speed of 100 000 A-scans per second. Three-dimensional OCTA slab images were formed by scanning a 3 mm 3 3 mm area consisting of 300 A-scans per B-scan, and 300 B-scans were obtained in a horizontal raster pattern, with each B-scan repeated 4 times consecutively with a scanning depth of 3 mm over 1536 pixels. Quantitative analyses of the FAZ and vessel density at the level of the superficial capillary plexus (SCP) and deep capillary plexus (DCP) were performed using custom software in order to binarize and skeletonize the images. 10, 12 To quantify the vessel densities, all OCTA images were exported into the Advanced Retinal Imaging collaboration network portal (www.zeiss.com/arinetwork) (Tumlinson AR, et al. IOVS 2017;58:ARVO E-Abstract 1864). A thresholding algorithm was applied to the SCP and DCP en face images to create a binary slab that assigns to each pixel a 1 (perfused) or 0 (background). The skeletonized slab was created from this binary image. Using skeletonized images where each blood vessel was shown as a 1-pixel-wide line, vessel density was defined as the total length of perfused vasculature per unit area in a region of measurement. It was calculated by averaging regions of the skeletonized images in mm
À1
[(pixels of vessels) 3 (3 mm/300 pixels)/(area in a region of measurement in mm 2 )]. 10, 34 The average of the skeletonized slab is only a first-order estimate of the length of perfused vasculature. A more accurate calculation would require considering the relationship between neighboring pixels with value 1 in the skeletonized slab. Perfusion density was calculated as total area of perfused vessels observed per unit area, producing a value ranging from 0 (nonperfused) to 1 (fully perfused); typical perfusion density values remain below 0.5. There may be sources of error in the perfusion density measurement, including the large transverse resolution as compared to the size of the smallest capillaries, and the sensitivity of the thresholding step in the binarization process to noise in the image. In particular, perfusion density may not be sensitive to changes in vessel caliber. But, vessels that are nonperfused should cause a reduction in the observed perfusion density, as well as the vessel density, so both measures are expected to be reduced in the presence of capillary loss. To investigate foveal perfusion, we analyzed the central 1.0 mm surrounding the center of the FAZ separately from the parafoveal ring extending from 1.0-3.0 mm from the center of the FAZ for both the SCP and the DCP, and also analyzed the FAZ area, in patients and normal controls. The FAZ area was manually outlined in SCP and DCP images, calculated as pixels and converted to mm 2 [(pixels of FAZ) 3 (3 mm/300 pixels) 2 ]. 10 
ADAPTIVE OPTICS SCANNING LASER OPHTHALMOS-
COPY: High-resolution images of central macular cones were obtained using confocal AOSLO. The AOSLO uses a low-coherence, 840-nm light source, a Shack-Hartmann wavefront sensor, and a 140-actuator microelectromechanical Images were processed to create montages of the macular area. Cone spacing was measured as previously described. 24, 36, 37 Briefly, each region in which unambiguous cone mosaics were clearly visualized was selected as a region of interest (ROI) for cone spacing measurements, and ROI location was measured as eccentricity in degrees relative to the preferred retinal locus.
GENETIC ANALYSIS: Whole blood samples were collected from 6 patients; DNA was extracted and genetic testing was performed using next-generation sequencing panels (Jewish retinal dystrophy panel or genetic eye disease panel) with confirmatory Sanger sequencing on a fee-for-service basis (John and Marcia Carver Nonprofit Genetic Testing Laboratory, University of Iowa, Ames, Iowa, USA; Genetic Diagnostic Laboratory, Ocular Genomics Institute, Harvard Medical School, Boston, Massachusetts, USA; and Blueprint Genetics, Helsinki, Finland). 7, 38 STATISTICAL ANALYSIS: All quantitative variables from OCTA were summarized as mean 6 standard deviation. Linear mixed effects regression was performed using R to compare normal subjects with patients for the vessel densities and perfusion densities within 1 mm of the fovea and in the ring between 1 and 3 mm from the fovea of the SCP and DCP, while Hotelling's T 2 test was used to compare FAZ area measured in the SCP and DCP between normal subjects and patients. Cone spacing was compared to mean and 95% confidence intervals from 37 age-similar normal subjects that have been described previously. 32 
RESULTS
SIX PATIENTS RANGED IN AGE FROM 25 TO 81 YEARS (MEAN
age, 52 6 21 years) and were similar in age to 5 normal control subjects ranging from age 25 to 79 (mean age, 46 6 23) years (2-tailed t test, P ¼ .55). Genetic tests revealed homozygous mutation of MAK in all patients ( Table 1) .
The clinical characteristics of patients are summarized in Table 1 . The visual acuity varied from 20/13 to 20/70; Patient P III had severe cystoid macular edema with vision reduced to 20/60 and 20/70. Kinetic perimetry showed temporal scotomas in 2 siblings (P I-1, 40116 and P I-2, 40126) with early disease, relatively preserved nasal fields in Patient P III, a preserved temporal crescent in Patient P II (40063), and central islands in Patients P IV (40123) and P V (Figure 1) . VOL. 185 
HIGH-RESOLUTION IMAGING IN MAK-RELATED RETINAL DEGENERATION
We compared the vessel densities, perfusion densities, and FAZ area of the SCP and DCP in the central macula from OCTA images in all 6 patients (12 eyes) with data from 5 age-similar normal subjects (10 eyes) (Table 2, Figure 2 ). Quantitative analysis of vessel density and perfusion density in the SCP and DCP was performed at the foveal (0-1.0 mm) and parafoveal (1.0-3.0 mm) regions (Figure 3 ). The FAZ area was not significantly different from normal (P ¼ .80) and the SCP and DCP vessel density (P ¼ .53 and P ¼ .98, respectively) and perfusion density (P ¼ .77 and P ¼ .24, respectively) in regions from 0 to 1.0 mm from the fovea were not significantly lower in patients compared to normal subjects (Table 2) . However, the SCP and DCP vessel density (P ¼ .012 and P ¼ .014, respectively) and perfusion density (P ¼ .015 and P ¼ .013, respectively) were significantly lower in the parafoveal region extending 1.0 to 3.0 mm from the fovea in patients compared to normal subjects. Excluding the patient with cystoid macular edema (P III) did not change the values significantly; SCP and DCP vessel densities (P ¼ .024 and P ¼ .025, respectively) and perfusion densities (P ¼ .025 and P ¼ .020, respectively) in the parafoveal region from 1.0 to 3.0 mm from the fovea were still significantly lower in patients with MAK-related retinal degeneration than in normal subjects. The parafoveal vessel density and perfusion densities of both the SCP and DCP were more reduced in MAK patients, whereas FAZ area, vessel densities and perfusion densities within 1.0 degrees of the fovea were similar to normal subjects.
Cone spacing was measured in 8 eyes of 4 patients (P I-1, P I-2, P II, and P IV) from AOSLO images and compared with normal cone spacing measures. 32 Cone spacing measures were within the 95% confidence intervals of normal mean values in 2 siblings with early stages of disease severity (P I-1, 40116 and P I-2, 40126). Cone spacing measures were greater than the upper 95% confidence limits of normal in 2 patients with advanced stages of disease severity (P II, 40063 and P IV, 40123) (Figures 4 and 5) . Table 1 . Light gray area: I4e isopter; medium gray area, III4e isopter; dark gray area, V4e isopter. Fields are displayed in order of increasing disease severity from least severe (P I-2, 40126) at the upper left to most severe (P IV, 40123) at the lower right. Shaded areas represent scotomas. The V4e isopter was not tested completely in P I-1 (401116) to avoid patient fatigue, as the III4e isopter was full in each eye. VOL. 185 
reported in patients in the eighth decade of life and visual fields have shown preservation of the nasal field in early stages of disease, but only central islands remain in advanced stages of disease. 3, 7 In the present study, visual acuities were near normal even with advanced disease, except in a patient (P III) with bilateral cystoid macular edema (Figure 3 ). The prevalence of cystoid macular edema has been reported to range from 28% to 49% of RP, [39] [40] [41] and intraretinal cystoid spaces have been reported in MAK-related RP. 26 One of the 6 patients in the current study showed bilateral cystoid macular edema, suggesting that regular examination of retinal structure using OCT is necessary in MAK patients, especially when visual acuity is reduced.
High-resolution imaging, including OCTA and AOSLO, demonstrated differences of retinal vascular and cellular structure in MAK-related RP compared to normal subjects. Vascular changes during disease progression in RP, such as attenuation of retinal vessels, perivascular pigment deposits, and retinal atrophy, are common, nonspecific findings in many forms of RP.
2 Alteration in ocular blood flow and vessel diameter has been reported using laser Doppler flowmetry, 42 magnetic resonance imaging, 43, 44 and ocular pulse amplitude. 45 In RP patients, higher oxygen saturation than normal has been found using retinal oximetry, and decreased vessel diameter or decreased oxygen diffusion secondary to thickening of capillary basement membranes are considered possible causes. 46, 47 The cause of the structural and functional changes in retinal vessels is unclear, but may be a consequence of tissue atrophy and reduced oxygen consumption. 14, 48 However, measurement of blood flow and vessel diameter required methods that are impractical for widespread use in clinical settings. 17 OCTA provides images of different retinal capillary plexuses in vivo through vascular layer segmentation 33 and can be used to monitor vascular abnormalities during disease progression. The large field of view of OCTA enables visualization of microvascular networks at varying stages of RP with high resolution. 17 Recently, 2 studies reported quantitative analysis of vessel densities using OCTA in RP patients without reported genetic mutations. 14, 15 Both studies showed reduced parafoveal SCP and DCP densities compared to normal subjects, but choriocapillaris density values were abnormal only in 1 of the 2 studies, 15 perhaps owing to different disease stages and genotypes between the studies. Analysis of choriocapillaris vessel densities is complicated by projection artifacts, which appear in deeper retinal structures. 49 For this reason, we did not analyze vessel density at the level of the choriocapillaris. In the current study, FAZ area showed no significant difference compared to normal subjects, whereas a previous study that investigated FAZ area showed enlargement of the FAZ at the level of DCP in patients with RP of unknown genotype.
14 It is possible that the power to detect a difference between patients and normal subjects in vascular density in this region is limited by the fact that the central 1.0 mm includes the FAZ, in which very few vessels are present within the 1-mm circle. However, preservation of the perifoveal capillaries, manifest as normal FAZ area, may contribute to or result from preservation of foveal vision and structure even in late stages of MAK-related RP.
Direct visualization of the cone mosaic in patients with retinal degeneration can provide insight into the effects on macular cones of retinal degenerations owing to different genetic mutations. 32, 36, 37, 50 In healthy eyes, cones appear as bright spots arranged in a close-packed pattern with regular spacing, whereas in eyes with retinal degeneration cones can show abnormal morphology, including increased cone spacing, irregular packing, and sparse cone mosaics in regions with extensive cone loss. 36, [51] [52] [53] [54] [55] [56] [57] [58] Changes in cone spacing (average distance to the nearest neighboring cone) and cone density have been reported in various retinal diseases, and have been used to monitor cone structure during disease progression in longitudinal studies. 37 Cone spacing and density have been reported in cross-sectional studies of patients with inherited retinal degeneration to provide more sensitive measures of disease severity than visible changes on OCT or decline in visual acuity. 32, 37, 57 Cone spacing in 4 patients with MAK-related RP was within the limits of normal at almost all studied locations in 2 patients with early disease, indicating that significant cone loss had not occurred at this stage. In contrast, increased spacing beyond the upper limits of normal was found in 2 patients with advanced disease. The 2 patients with early disease had a different mutation in the MAK gene than has been commonly reported, which may also contribute to the normal-appearing macular cone mosaics in these patients. However, the 2 patients with a MAK mutation that has been commonly reported in patients of Ashkenazi Jewish descent 7 showed cone spacing that was increased by greater than the 95% confidence intervals above the normal mean at advanced stages of disease, in the context of well-preserved visual acuity that was no worse than 20/ 32. Since cone spacing or cone density may change earlier than other outcome measures during disease progression, cone structural measures acquired from AOSLO images may provide a sensitive indicator of disease severity.
Our study has several limitations. First, the number of patients was small, but the study included patients with a range of ages and disease severity. The results from this cross-sectional approach suggest that perifoveal vascular density and cone structure change during disease progression despite the lack of prospective data. Second, image artifacts related to poor fixation or opaque media might influence image qualities of both OCTA and AOSLO. In this study, AOSLO images were not quantifiable in 1 patient with severe cystoid macular edema and another patient with pseudophakia, capsular phimosis, and advanced disease, and our study is biased in not including cone spacing from patients with cystoid macular edema or media opacity. The density measures may be affected by noise and artifacts in the OCTA, and by limitations in resolution of the OCTA. The vessel density and perfusion density measures in this study were consistent, suggesting these potential sources of error did not significantly affect the observation of reduced vessel perfusion in patients with MAK-related RP. Finally, the correlation between structural and functional changes was not evaluated because of our limited sample size. Correlations between SCP and DCP density with both multifocal electroretinogram and ganglion cell complex thickness were reported in a previous cross-sectional study of RP patients. 15 Future longitudinal studies could determine which parameters are most useful to predict disease progression and provide additional insight into the relationship between structural abnormalities and visual function in MAK-related RP.
In summary, we have characterized the retinal microvasculature and cone structure in MAK-related RP using highresolution images acquired with OCTA and AOSLO. High-resolution images using OCTA and AOSLO showed reduced SCP and DCP vessel density beginning at 1 degree eccentricity, as well as increased cone spacing despite wellpreserved visual acuity in eyes with advanced stages of disease. Foveal avascular zone area and vascular densities at the fovea showed no significant difference compared to normal subjects, and this may contribute to preservation of foveal vision and structure even in late stages of disease in patients with MAK-related retinal degeneration. The findings are significant in that they demonstrate preserved foveal photoreceptor and vascular structure in advanced stages of disease, suggesting that patients may benefit from therapies to prolong photoreceptor survival even in advanced disease. FIGURE 5 . Adaptive optics scanning laser ophthalmoscopy cone spacing measures in (Left) P I-1 (40116) and P I-2 (40116) and in (Right) P II (40063) and P IV (40123). Cone photoreceptor spacing was within the 95% confidence limits (dashed lines) of the normal mean (solid lines) at almost all locations in P I-I (40116) and P I-2 (40126) with early disease, and increased above the upper 95% confidence limits at all locations in P II (40063) and P IV (40123) with advanced disease.
